Electric commercial delivery trucks have the potential to substantially reduce greenhouse gas emissions and pollution and lower per-mile operating and maintenance costs. However, the initial purchase cost of electric vehicles is significantly higher than that of a conventional diesel truck. In addition, electric vehicles have a limited range that may lead to the well known problem commonly known as "range anxiety" due to the lack of nearby recharging stations. From a purely economic perspective, there is a cost tradeoff between low operating and maintenance costs of electric vehicles and their high initial capital costs. In this paper, a deterministic integer programming model is utilized to analyze the competitiveness of commercial electric vehicles. Utilizing realistic assumptions and a wide range of scenarios regarding fleet utilization and fuel efficiency, this research finds breakeven points where electric vehicles become competitive. Results show that under moderate to high utilization levels, the electric vehicles can be competitive.
Introduction
The fast rate of commercial vehicle activity growth over recent years and the corresponding higher impact of commercial vehicles are increasing pre-existing concerns of their cumulative effect in urban areas. Additionally, social and political pressures to limit the impacts associated with CO 2 emissions and our dependence on fossil fuels is mounting rapidly. Urban freight and commercial vehicles are responsible for a large share of unhealthy air pollutants such as sulphur oxide, particulate matter, and nitrogen oxides in urban areas (OECD, 2003 , Crainic et al., 2009 .
Electric vehicles are seen by many environmentally friendly groups and organizations as a potential solution to address the impact of transportation emissions in urban areas. Urban areas are also more suitable for the early adoption of electric vehicles due to the potential higher density of recharging stations. New vehicle technologies such as electric vehicles should be analyzed within a City Logistics framework as a holistic approach is needed to account for the multiple tradeoffs in terms of initial purchase costs against life-long operating costs, emissions costs, and service restrictions (Taniguchi et al., 2003) .
This paper focuses on the evaluation of commercial electric vehicles. Given the high capital costs associated with vehicle fleets, if fleet owners were to replace conventional diesel vehicles with electric vehicles, the replacement decision would be contingent on the result of a complete economic and logistics evaluation of the competitiveness of the new vehicle type. As vehicles age, their per-mile operating and maintenance (O&M) costs increase and their salvage values decrease. When the O&M costs reach a relatively high level, it may become cost effective to replace old vehicles since the savings from O&M costs may outweigh the high capital cost of purchasing new vehicles. Similarly, if fleet owners are interested in replacing conventional vehicles with new electric vehicles, it is important to understand how the O&M costs and salvage values change over time. Conventional vehicles and new vehicle types are typically called defenders and challengers, respectively, in the Operations Research literature associated with Vehicle Replacement Models (VRM). This paper models the economic optimization of vehicle replacement decisions for a fleet that diesel trucks as defenders and electric trucks as challengers. The remainder of this paper is organized into five additional sections. Section two presents a literature review. Section three introduces the notation and formulation of the fleet replacement model. Section four describes data sources and assumptions. Section five presents the scenarios and breakeven points where electric trucks become competitive. Section six ends with conclusions.
Literature review
A recent report provides a wealth of information regarding electric vehicle technologies and costs (ElectrificationCoalition, 2010) . This report compares the total costs -including purchase, salvage revenue, and O&M costs -between four different light duty truck engine types: internal combustion engine, hybrid, plug-in hybrid, and electric. Results indicate that in the near future, conventional internal combustion engines are the least expensive to purchase and operate. Hybrid, plug-in hybrid, and electric engines, in this order, are the best alternatives.
Vehicle replacement models can be classified into two categories: research-oriented and practiceoriented. Research-oriented models generally seek economically optimal replacement decisions so that net cost can be minimized or profit can be maximized over a certain time horizon. In practice-oriented models, replacement decisions are usually made based on certain criteria or performance measures, which might be any combination of age, cumulative utilization, cost components, or other measures. These are heuristic models, so they are readily implemented but suboptimal. This paper focuses on a researchoriented model; a comprehensive review of practice-oriented models can be found in Kim et al. (2009) and Figliozzi et al. (2011) . The research-oriented literature also consists of two sets of models: serial replacement and parallel replacement models. In the former type of model, the objective is to find the best policy in terms of replacement timing for a set of homogenous assets (Karabakal, et al., 1994) ; parallel replacement models are more appropriate for settings where vehicles are considered heterogeneous (Hartman, 2001) .
Electric vehicles are characterized by a limited operational range (an optimistic assumption is a range of approximately 100 miles). This range can be further restricted by the phenomenon known as "range anxiety," where drivers' worries about this limited range leads to a reduction in the utilized range by as much as 50% (Botsford and Szczepanek, 2009 ). This limitation is more significant for commercial vehicles than passenger vehicles because the former tend to travel more miles and are used for more hours in a given typical day. For example, real-world data from three different cities (Calgary, Denver and Amsterdam) indicates that on average 0.85 hours are spent driving between depots an average of 3.95 hours are spent on driving between customers (Figliozzi, 2007) . Assuming average travel speeds between 10 and 30 miles per hour, commercial vehicles can easily travel between 39 and 118 miles per day. These distances are considerably longer than the commute of typical American drivers (USCensusBureau, US Vehicle Inventory and Usage Survey, 2002).
Model formulation
This paper economically optimizes the replacement decision for a fleet that has a conventional diesel truck as a defender and a new electric truck as a challenger. This is a deterministic model. Future costs such as purchase prices, fuel price, salvage values, maintenance costs, fuel and electricity consumption rate and many other economic and technical factors are assumed to be known functions of time (age) and vehicle type.
Indexes
Type of truck/engine: , Maximal age of a type truck in years: , Time periods, decisions are taken in each year:
}.
Decision variables the number of age-, type-trucks used in year , the number of age-, type-trucks salvaged in the end of year , the number of type-trucks purchased in the beginning of year .
Parameters utilization (miles traveled per year) of an age-, type-truck, (miles/year), demand (miles need to be traveled by all vehicles) in year , (miles), budget (money available for purchasing new vehicles) in the beginning of year , ($), discount rate, to account for the decreased value of money over time, initial number of age-, type-trucks at the beginning of the first year, purchase cost of a type-truck, ($), salvage revenue of an age-, type-truck, ($), where , per mile operating (i.e., diesel or electricity) cost of an age-, type-truck, ($/mile), per mile maintenance cost of an age-, type-truck, ($/mile), inflation rate for diesel prices over time.
(1) Constraints:
The objective function, equation (1), minimizes the sum of purchasing, operating, maintenance, emissions costs and salvage revenue over the period of analysis, i.e. from year zero (present) to the end of year . Purchase cost cannot exceed yearly budget, equation (2) . The total miles traveled by all used trucks should meet the yearly demand, equation (3) . In the first year 0, the number of initial age-0 (new) trucks and the number of purchased age-0 trucks should be equal to the used age-0 trucks in year 0, equation (4) . In the first year 0, the initial numbers of any types or any ages of trucks (other than age-0) should be either used or salvaged, equation (5) . The purchased new trucks in all the other years should be equal to the number of used new trucks in each of those years, equation (6) . The numbers of any used trucks in one year should be either used or salvaged in the next year, equation (7) . It is assumed that all trucks will be sold in the last year of the planning horizon (T), equation (8) . Any truck that reaches its maximal age will not be used anymore, equation (9) . Any new purchased trucks cannot be sold immediately, equation (10) . All decision variables must be non-negative integers, equation (11).
Data sources
For a fair comparison, only two trucks in a similar category (size) are compared. The conventional diesel truck is one of the popular Isuzu N-Series; the challenger the Navistar E-star which is a new electric engine truck. Most significant truck characteristics are summarized in Table 1 . Purchase Price ($): $50,000 (1) $149,000 (2) Energy consumption 13.46 (3 ) mi/gal 0.8 (4) kwhr/mi Energy price $3.05/gal (5) $0.1151/kwhr (6 ) The average light-duty truck utilization in the USA is 12,000 miles (USCensusBureau,
The data sources for Table 1 According to Table 1 , , . The ordering and delivery cost is not considered in this study. The salvage or resale value depreciates with age and cumulative vehicle mileage. Since the real values are driven by the market, there is no precise depreciation function for each vehicle type in the academic literature. A vehicle salvage value usually decreases concavely with age; a recent report (ElectrificationCoalition, 2010) provides a series of concave curves for vehicle depreciation value as a function of age. An average per-mile depreciation of truck salvage value $0.092/mi is given by Barnes et al. (Barnes & Langworthy, 2004) . A diesel truck depreciation value function is developed based on the two sources.
(13)
: percentage depreciation rate for diesel truck, : per-mile depreciation rate.
However, for electric trucks no salvage value depreciation statistics are available at the moment. Any forecast is an educated guess at best. A recent report (ElectrificationCoalition, 2010) claims that 50% of electric vehicle price is the battery cost. Therefore, the battery salvage value for electric trucks is estimated separately from the rest of the truck. The battery residual value alone is assumed a concave decreasing curve, with 92.5% of previous age value; for the depreciation of reminder, we assume that depreciates with the same function as diesel trucks. Therefore, the salvage value function for electric trucks can be written as: (14) : percentage depreciation rate for electric truck. In this study, the operating cost only includes energy cost. Truck operators' labor costs, truck insurance costs, battery charging infrastructure costs are not considered in this study because of lack of reliable data. Based on the vehicle characteristics information from Table 1 , the average operating cost for Isuzu and Navistar can be simply calculated by:
Therefore, the operating cost will change in the future according to the fuel and electricity prices. The maintenance costs usually increase with vehicle age and cumulative utilization. A recent report (ElectrificationCoalition, 2010) provides increasing per-mile maintenance cost for light-duty diesel trucks. Utilizing these data, a per-mile maintenance cost function is estimated. For electric trucks, there is no maintenance data though electric engine trucks are much simpler in design and thus likely to be cheaper in maintenance and repair costs. This model estimates that electric trucks are 50% less expensive to maintain than conventional trucks (ElectrificationCoalition, 2010; NYT, 2010)
(17)
At year 0 we assume there are 20 Isuzus with uniformly distributed ages between age 0 and age 9. Table 2 summarizes all the inputs that are calculated based on the truck characteristics data from Table 1 and estimated functions above. The discount factor and fuel inflation rate are not included in the values in this table. The per-mile O&M costs of the Navistar are less than that of the Isuzu, but the absolute loss of value (purchase price -resale or salvage value) is more for the Navistar than the Isuzu. Therefore, there is a tradeoff between the two engine types when making replacement decisions.
The planning horizon is 15 years. Trucks are used between year 0 and year 14; all trucks are sold or accounted for the current market value at the end of year 15. The budget and utilization demand are $300,000 and 250,000 miles per year respectively. With this budget, as many as two electric trucks or six diesel trucks can be purchased each year. The discount rate is assumed to be 6.5%, and the fuel inflation rate is assumed to be 3% (Davis, Diegel, & Boundy, 2010) . The economic factors are summarized in Table 3 . 
Scenarios and breakeven analysis
Six scenarios are analyzed to study the impact of vehicle utilization and conventional diesel truck fuel efficiency on vehicle type purchases; fuel efficiencies and utilization levels are summarized in Table 4 .
This model has 736 decision variables and 466 constraints. Results are obtained using a large scale mixed integer programming optimizer. The impacts of economic factors and vehicular characteristics are examined looking at the respective breakeven points. For each scenario, breakeven points are found for ten economic factors and vehicle characteristics shown in Table 5 . In this research a breakeven point is defined as the value, ceteris paribus, that leads to the purchase of at least one any Navistar truck in year one. As an example to aid in the interpretation of Table 5 , if the Navistar price in scenario 0 is less than $100,274 it is optimal to buy one or more Navistar trucks in year one to replace a conventional diesel Isuzu truck (only one cell in a given row has to be satisfied for the electric truck to be competitive in each scenario). The results are intuitive. For example, in S0 with low utilization, a Navistar price of less than $100,274 becomes competitive whereas in S2, high utilization scenario, a Navistar price of $132,612 is competitive. In Table 5 , Inf. (infeasible) indicates that even with values are equal to their natural extreme lower/upper bounds the Navistar is not competitive. Under S5 conditions (high utilization and low diesel truck fuel efficiency), the e-truck is always competitive.
The results indicate that commercial electric vehicle prices still have to decrease between a 10 and 30% for these vehicles to become competitive. Conversely, diesel fuel prices have to increase to 2008 peak levels to ensure that the Navistar is competitive in S2 and S4. Major fuel price inflation rates will be needed over the next 15 years to ensure the competitiveness of electric trucks. Very low discount rates are needed to make the electric trucks competitive. Without a substantial government subsidy it is unlikely that freight companies will have access to such inexpensive sources of funding and credit lines.
On the technology side, the actual battery capacity (100 miles) is not competitive since the EV is cheaper to operate when the daily utilization is greater than 100 miles per day. Clearly, "range anxiety" limitations and the current widespread unavailability of fast recharging stations are likely to hinder to massive adoption of commercial electric trucks in urban areas. The electricity prices and consumptions that are needed to make the Navistar competitive are clearly unattainable and unrealistic (last two columns of Table 5 ). Relatively small changes in the depreciation rate of the electric truck can have a positive effect on its competitiveness. If the electric vehicles' reliability and simplicity turns out to be higher than expected, resale values will remain high and the penalty associated to the high initial capital investment will be reduced.
Conclusions
In this research, we have presented an integer programming model for a parallel fleet replacement problem with variable vehicle utilization where vehicle purchase cost, operating and maintenance costs, and salvage revenue are considered in the objective function. This research is primarily focused on evaluating whether electric trucks, as a new challenger to conventional diesel trucks, are more cost effective than the conventional counterparts. The Isuzu N-Series and the Navistar E-Star were selected to represent diesel and electric trucks respectively. Six scenarios and the breakeven points for ten parameters were estimated.
With current prices, results show that electric trucks only outperform diesel trucks when the diesel trucks' MPG is low (8.2mi/gal) and trucks' average annual utilization is high (28,000 miles). Some breakeven points such as discount rates, electricity cost, electricity consumption, or utilization (mileage) are either infeasible or far from any likely near-or mid-term scenario. On the other hand, the results indicate if commercial electric vehicle prices decrease between a 10 and 30%, they will become highly competitive. Economies of scale due to mass productions or less expensive batteries seem reachable in the near-or mid-term.
